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I. Introduction

Avian risk assessment of pesticides depends for the most part on two laboratory-
derived measures of lethality. First, the median lethal dose (LD50), a statistically
derived single oral dose of a compound that will cause 50% mortality of the test
population, and second, the median lethal concentration (LC50), which similarly
derives the concentration of a substance in the diet that is expected to lead to
50% mortality of the test population. Mineau et al. (1994) have argued against
the continued use of the LC50 endpoint in avian risk assessment of pesticides.
The test as currently designed was found to provide unreliable results, in part
because of the difficulty of properly determining exposure during the test. The
LC50 test, conducted on very young birds, is greatly influenced also by the exact
age and condition of the test population. Also, the correlation of LC50 values
among test species is weak, thus casting further doubt on the value of the end-
points and limiting our ability to extrapolate from test species to wild bird spe-
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cies. Finally, comparison of test results with field evidence suggests that lab-
derived LC50s are poor predictors of risk. Until the LC50 test is redesigned to
address these weaknesses, avian risk assessment will depend almost entirely on
the results of the LD50 test.

Avian risk is difficult to estimate in an absolute sense from laboratory-
derived data. Field studies are generally needed to provide “ground truthing” of
a risk model and, to date, a number of such field studies have been carried out
and can be used to “calibrate” laboratory-derived predictions of risk based on
acute endpoints. Laboratory data are most useful in providing a comparative
assessment of the risk posed by different pesticides. Such comparative assess-
ments have also proved useful in the various measurement systems designed to
assess the environmental consequences of choosing different agrochemicals or
agricultural management systems (Benbrook et al. 1996).

When carrying out comparative risk assessments for pesticides, it is essential
to use the most unbiased data possible. Pesticides are customarily tested against
no more than 1 to 3 bird species, yet there are an estimated 10,000 species in
the world. More than 800 species occur in Canada and the United States alone.
In this review, we present acute toxicity values that can be used as reference
values in pesticide risk assessments. These values are only useful for protecting
birds from pesticides if matched by adequate measures of exposure. Also, they
only address acute lethal toxicity and not reproductive or chronic health effects
or even sublethal effects that may give rise to delayed mortality or a reduction
in biological fitness. Different strategies have been used over the years to com-
pare the toxicity of different pesticides to birds. (1) Restricting among-chemical
comparisons to a commonly tested group of species: This strategy quickly runs
into data gaps and leads to an arbitrary ranking of relative toxicity depending
on the species chosen. Test species can be inconsistent in their relative sensitiv-
ity rankings among pesticides (Tucker and Haegele 1971). (2) Several species
as phylogenetically close as possible to a species of interest are used: Unfortu-
nately, toxicological susceptibility does not always follow phylogenetic lines
(Schafer and Brunton 1979; Mineau 1991; Joermann 1991; Baril et al. 1994),
and it is notoriously difficult to predict which species are most at risk from a
given pesticide treatment. (3) Finally, using the lowest value available from all
species tested: This approach, however, introduces a systematic bias related to
the amount of test data available and reported for each pesticide.

Baril et al. (1994) and then Luttik and Aldenberg (1995, 1997) suggested
that a distribution-based method should be employed for birds much as had been
proposed for soil and aquatic organisms (Stephan and Rogers 1985; Kooijman
1987; Van Straalen and Denneman 1989). A distribution-based approach uses
the pesticide-specific data available to define the shape of the distribution
through the estimation of a mean and variance for the distribution. Fitting toxic-
ity data to distributions has been criticized, most recently by Newman et al.
(2000). However, their main criticism concerns the pooling of toxicity data for
very different phylogenetic groups and the resulting lack of fit to commonly
used distributions. This result would be expected, for instance, when pooling
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the response of both algae and aquatic invertebrates to a herbicide. We have
found that both the log-logistic and log-normal distributions are adequate when
dealing with the toxicity of pesticides to birds. The alternative proposed by
Newman and colleagues is to use bootstrapping (distribution-free resampling of
the data) to arrive at an effect threshold. The main disadvantage of this tech-
nique is that any biases inherent in the initial data, a likely problem if few
data are available, will be preserved and emphasized. We therefore opted for a
distribution-based method. However, two modifications of this technique were
necessary: (1) introducing a scaling factor for body weight to improve cross-
species comparisons of toxicological susceptibility (Mineau et al. 1996); and (2)
developing a strategy to consider chemicals for which there are insufficient data
from which to derive a distribution. Slightly different approaches were described
by Baril et al. (1994) and by Luttik and Aldenberg (1995) to meet this second
objective. We present here the relative merits of both these approaches, and
provide what we believe to be the most scientifically defensible reference values
that can be used for assessing the relative acute risk of different pesticides to
birds.

II. Data Selection
A. Data Acquisition and Appraisal

Data acquisition procedures were modified slightly from those described in Baril
et al. (1994) and Mineau et al. (1996). Under the auspices of the OECD (Organi-
sation for Economic Co-operation and Development) and following the recom-
mendations of a 1994 workshop on avian toxicity testing (SETAC 1996), the
Canadian Wildlife Service’s existing database of LD50 values was expanded with
the assistance of several collaborators worldwide. A recent (Brian J. Montague
30 April 98 pers. comm.) version of the U.S. EPA ‘one liner’ database was
obtained and amalgamated with our existing database. Between 1996 and 1997,
various data were also obtained from Germany (Federal Biological Research
Centre for Agriculture and Forestry), the Netherlands (National Institute of Pub-
lic Health and the Environment), France (Institut National de la Recherche
Agronomique), and the United Kingdom (Pesticide Disclosure Documents from
the Pesticide Safety Directorate). Many of those data consisted of studies spon-
sored by pesticide manufacturers in support of the registration of their pest con-
trol products. The confidentiality afforded to these data varies greatly between
countries. At one extreme (Canada), all data endpoints (e.g., LD50 values) are
considered to be proprietary and confidential unless specifically marked for pub-
lic release by the manufacturer; at the other extreme (U.S.), endpoints are freely
available and complete LD50 studies can be requested through “Freedom of In-
formation Act” provisions. Some jurisdictions make endpoints available for a
fee, either in hard copy form (United Kingdom) or through a dial-up database
(France). Furthermore, several companies release data endpoints in summary
form (e.g., Material Safety Data Sheets) and these data are picked up by public
sources such as the British Crop Protection Council’s Pesticide Manual (see
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following). Because of this confusion, we decided that no species-specific data
would be released nor could any be back-calculated from the information pre-
sented here.

Known sources of data from the open literature were also searched. These
sources included existing compendia of avian acute toxicity data assembled by
governmental agencies in the U.S. and elsewhere (Schafer et al. 1983; Hudson
et al. 1984; Grolleau and Caritez 1986; Smith 1987), as well as scientific publi-
cations containing one or a few values. An exhaustive search of the literature
was carried out by means of the Terretox database of the U.S. government as
well as the commercially available Medline and Biological Abstracts databases.
A final source of data consisted of various editions of the Pesticide Manual (the
4th, 9th, and 11th editions; the latter one containing most of the avian data).
Before accepting the data from these editions of the Pesticide Manual, a sample
was checked against our existing database. Although the data presented in the
Pesticide Manual (Tomlin 1997) were often biased toward species of lesser
sensitivity, the data themselves were almost invariably accurate (a calculated
accuracy rate of 99% for 108 data points for which the original data source was
already available to us). The 11th edition of the Pesticide Manual was also used
to indicate which pesticides are currently being commercialized worldwide. All
data were carefully vetted for errors and duplicates and, where possible, checked
to the original source.

B. Selection and Processing of Toxicity Data

The distribution approach to handling interspecies differences in sensitivity to
chemicals requires that a single value be available for each pesticide-species
combination. In many cases, however, more than one value was available for
any combination. It was therefore necessary to establish criteria that provided a
uniform process for the selection of values. The criteria were chosen so as to
minimize bias and variability introduced by the formulation of the pesticide, the
age of the birds, and numerous other factors. Our data selection criteria were
modified to agree with those used by Luttik and Aldenberg (1995, 1997) follow-
ing several rounds of consultation. This method explains some of the small
discrepancies between the values reported here and the few that were presented
in Mineau et al. (1996). The criteria were as follows.

1. Only Data for Adult-Sized Birds Were Used (typically >1 month for passerine
and gallinaceous birds; >3 months for waterfowl). In some cases, age was
unspecified but the data, often generated for pesticide submissions, were as-
sumed to refer to adults as specified in current and former EPA protocols.
Tests on passerine species were generally carried out on wild-caught individu-
als which, we assumed, had fledged at that point. The notable exception was
the domestic chicken, for which it is customary to test young chicks or pul-
lets. Values for domestic fowl were therefore excluded unless age was speci-
fied.
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2. Studies of formulated products or of technical products with very low percent-
ages of active ingredient were not used. We did not correct for the percentage
of active ingredient found in the technical grade of the pesticide.

3. If more than one LD50 value was available for a species and a given pesticide,
a geometric mean value was calculated. No one study was given preference
over another.

4. If there were multiple LD50 values for a certain species and a given pesticide,
and one of those values was a “greater than” (>) or “lower than” (<) value,
this value was not used if it lay inside the range of the other available values.
However, this value was used as a point estimate (the < or > having been
removed) when it lay outside the range of other available values for that
species and pesticide.

5. If, in a set of available LD50s for a given pesticide, a particular species only
had a greater or lower than value, this value was not used if it lay within the
range of values available for the other species, but it was used as a point
estimate (the < or > having been removed) if it were outside the range of
values available for the other species.

6. Where the majority of available species LD50s were greater than a certain
value, such as is often the case with nontoxic pesticides where limit values are
given (e.g., all species >2000 mg/kg), the data were not fitted to a distribution
regardless of how many such values were available. Instead, an extrapolation
factor approach was employed, as described next.

7. When separate values were given for each sex, the geometric mean of the
two values was calculated.

8. When the value given by a single source was a range, the geometric mean of
the range was calculated. This criterion applied mainly to the studies reported
by Schafer and coauthors (1983) in which the ranges given correspond to
values obtained from separate studies (Ed Shafer, personal communication).

9. When compendia of values were published by any given laboratory and
where there were discrepancies between different editions or publications, the
most recently published value was accepted. This choice assumes that previ-
ous errors were corrected by the laboratory in question.

Unfortunately, we were not able to take into account the method of dosing
(e.g., by gavage needle or gelatin capsule) nor were we able to account for the
use of vehicles or diluents (e.g., corn oil), this information seldom being avail-
able. We recognize this is an important source of variation as is the differential
propensity of different bird species to regurgitate (Hart and Thompson 1995).
Also, we were unable to ensure that the technical pesticide material was identi-
cal from test to test. The data span several decades, and it is likely that the level
of purity and proportion of degradation products and contaminants changed over
the years and across different manufacturers. Some pesticides are known to be
racemic mixtures and may have been marketed first as the mixture and later as
the active isomer. Often, this is reflected by the fact that there are several CAS
numbers available for any one pesticide (Tomlin 1997). We cannot be certain
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that all toxicity tests reported here are specific to the CAS number given for the
pesticide in question, nor can we venture a guess as to the contribution of this
factor to the overall within-chemical variance in toxic response.

As with any such compendium, cholinesterase-inhibiting pesticides are well
represented (at least in having higher numbers of species tested per pesticide)
because of their relatively high toxicity to birds and the fact that they account
for the majority of wildlife poisoning incidents. Because of our desire to develop
methods that are representative of all classes of pesticides, we carried out some
analyses (at least initially) on cholinesterase inhibitors separately from other pest
control products. The data for cholinesterase inhibitors are therefore presented
separately in this review (see tables 2 and 3). The database thus compiled for
cholinesterase inhibitors consists of 147 pesticides and 837 acceptable LD50 de-
terminations. For noncholinesterase inhibitors, we were able to compile 1601
acceptable LD50 values for 733 pesticides.

C. Scaling of Toxicity Data to Body Weight

It is customary to extrapolate between species on the basis of acute toxicity
measurements expressed in mg/kg body weight, yet Mineau et al. (1996)
showed that for a group of 36 pesticides chosen for the high number of LD50

data points available, the appropriate scaling factor in birds (with toxicity in
mg/animal regressed against body weight) is usually > 1 and can be as high as
1.55. These authors showed that, when fitting a distribution to LD50 data ex-
pressed as mg/kg body weight (i.e., forcing the data to a slope of 1), the result-
ing distribution overestimated LD50 values for small-bodied birds and resulted
in wider confidence intervals for the usual distribution-based toxicity bench-
marks, e.g., the 5% and 95% bounds of the distribution. For the present analysis,
and for all pesticides with n ≥ 4, ln LD50 values (in mg/kg rather than mg/ani-
mal) were regressed against ln weight in grams. Mean species weights were
obtained from Dunning (1993). As described by Mineau et al. (1996), the slope
or “scaling factor” for the majority of pesticides is positive [corresponding to a
slope greater than 1 in Mineau et al. (1996) when toxicity values were expressed
as mg/animal]. For the 130 pesticides with n ≥ 4, the regressions were positive
in 99 cases and the overall mean slope was 0.239; this was slightly more ex-
treme than the value of 1.15 (corresponding to 0.15 when expressed on the basis
of mg/kg) reported by Mineau et al. for a subset of 36 pesticides. A similar
proportion of slopes was positive for cholinesterase inhibitors (54/68) than for
other pesticides combined (45/62). As determined by an F-test, 14 pesticides of
the 130 had a slope significantly different from 0 at the p < 0.05 probability
level (11 of which were positive). Allowing the p to rise to 0.1, a total of 30
slopes were significantly different from null, 24 of them positive. As argued by
Mineau et al. (1996), failure to achieve statistical significance in a majority of
the slopes does not remove the biological significance of the finding. Several
slopes may miss being significantly different from 0 either because of inade-
quate sample size, or because they are only slightly different from 0, or a combi-
nation of both. The fact that the large majority are greater than 0 indicates a
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phenomenon that is biologically significant. Therefore, even for pesticides for
which statistical significance is not achieved, the observed slope should be re-
garded as a better estimate of the true value rather than assuming the slope is
0. Not using a scaling factor when susceptibility does scale to weight would
result in potentially serious underprotection at one end (usually the small one)
of avian size ranges. On the other hand, scaling toxicity data to a completely
spurious slope factor might mislead. Fortunately, inspection of the data revealed
that many of the very extreme slopes measured, both positive and negative,
were in fact significant, at least at the p < 0.1 level, thus lessening the concern
that we may be fitting data to spurious slopes.

The reason for avian acute toxicity values scaling to weight raised to the
value of 1.2 or even slightly higher on average is unclear. In mammals, the
common wisdom is that toxicity tends to scale to 0.67 or 0.75 (reviewed in
Mineau et al. 1996) although a recent reassessment of acute toxicity data in
mammals and birds (Sample and Arenal 1999) calculated an average scaling
factor of 0.94 for mammals and confirmed an average of 1.2 in birds. It was
suggested (Fischer and Hancock 1997) that these scaling factors may be a conse-
quence of taxonomic differences. Songbirds (order Passeriformes) constitute the
majority of the small-bodied species in the database, and they may be more
susceptible toxicologically. A simpler, and more compelling possibility, is that
small birds in any taxonomic group are less able to withstand the rigors of the
physiological disruption brought about by acute dosing, especially reduced food
intake. Regardless of the reason, the end result is the same: the use of the
appropriate scaling factor results in the least estimation error for the toxicity of
a pesticide to a bird of a given weight and in reduced variance in the distribution
of LD50 values. One, however, needs to exercise caution in estimating LD50

values for very large or very small bird species, or birds from taxonomic groups
that are poorly represented in the data set. For example, as reviewed by Mineau
et al. (1999) there is some evidence that hawk and owl species (orders Falconi-
formes and Strigiformes) are more sensitive, at least to cholinesterase inhibitors,
than other birds of similar body weight.

D. Modification of the Distribution Approach to
Incorporate Body-Weight Scaling

Until now the best method available to derive a set level of protection with a
given level of certainty based on the distribution of toxicity data was that devel-
oped by Aldenberg and Slob (1993). These authors modified existing methods
(Kooijman 1987; Van Straalen and Denneman 1989; Wagner and Lokke 1991),
which aimed to determine environmental concentrations or doses of chemicals
that were protective of 95% of the species in the wild. The modifications con-
sisted of deriving extrapolation constants, Kn, that account for the uncertainty in
the estimates of the distribution parameters when dealing with small sets of
laboratory-derived toxicity data. The extrapolation constants are determined
such that a one-sided left confidence limit L for log(HD5) (for Hazardous Dose
at the 5% tail of the distribution) is given by
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L = ȳn−[Kn*Sn] (1)

where ȳn and Sn are mean and standard deviation, respectively, of a sample log
(LD50) test data of size n.

This approach does not, however, incorporate body weight as a covariate.
Mineau et al. (1996) were able to describe the relationship between the LD50

and body weight using the equation

yi = β0 + β1xi + ei (2)

where, yi = log(LD50), xi = log(Weight), β0 and β1 denote the intercept and slope
of the regression line, and ei denotes the random deviation of the data from the
model.

The distributional method as described by Aldenberg and Slob (1993) does
not incorporate a body weight covariate and requires an estimate of the mean
and the standard deviation or variance. The equivalent terms can be defined for
a model with a covariate, but in this case one must choose a value for x0 (the
log of the weight of the bird that one wants to protect). The estimators of these
two quantities with and without a covariate are compared in Appendix 1. For
the Aldenberg and Slob approach, the precision of the estimates only depends
on n whereas for the covariate approach it depends on n and another term that
reflects the precision of the predicted LD50 at the designated weight. The pre-
dicted LD50 becomes less precise as one moves away from the average of the
xi. To compensate for this, a value for the extrapolation constant K must be
developed separately for each data set and designated weight of bird to be pro-
tected; this is done through a simulation in the manner of Aldenberg and Slob
(1993).

E. Choice of an Appropriate Percentile in the Acute Toxicity Distribution

Working with a distribution allows one to set a desired percentile, or a threshold
LD50 value sufficiently protective for an arbitrarily chosen proportion of the
entire population of bird species. For risk assessment purposes, it is customary
to choose a value in the left tail, e.g., at the 1% or 5% tail of the distribution.
This custom was born of convenience and practicality and has no scientific
basis. Some may take issue with the fact that 5% or even 1% of the species
inhabiting the exposed ecosystem can be summarily “written off.” Choosing a
percentile does not mean that this percentage of species will necessarily be
impacted. The final level of protection afforded to birds will depend on the
interplay of all the components of the risk assessment and regulatory scheme.
For comparative risk assessment, using an LD50 value representative of the left
tail of the distribution is preferable to using a measure of central tendency (me-
dian, arithmetic mean or geometric mean) because the latter parameters do not
take into account information regarding the variance of the distribution. For the
purpose of this exercise, the 5th percentile of the log-logistic distribution of
species LD50s was determined (the point on the tail of the log-logistic distribu-
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tion that excludes 5% of the lower LD50 values). It is useful to also remember
that we are fitting LD50 values to a distribution; these are not no-effect or mini-
mal-effect concentrations. At the predicted threshold, half the exposed individu-
als from a species at the 5% tail of susceptibility are expected to die. Risk
assessors may wish to apply another factor to cover intraspecific differences in
susceptibility. Typically, this would be done through consideration of the probit
slope of the dose–mortality relationship.

Having arbitrarily fixed the protection level at the 5th percentile of the spe-
cies distribution, (termed HD5 (Hazardous Dose 5%) by Aldenberg and col-
leagues as well as in this review, or TLD5 (Threshold Lethal Dose 5%) by Baril
and colleagues), we still need to fix the level of certainty we wish to attach to
the determination of this value. As argued by Aldenberg and Slob (1993) and
confirmed by Baril et al. (1994), median estimates of the HD5 (calculated with a
50% probability of overestimation) may not be sufficiently protective, especially
where rare or valuable focal species of unknown susceptibility must be pro-
tected. In other words, far fewer than 95% of bird species may actually be
protected. However, thresholds that account for a higher (90% or 95% are com-
monly used) certainty that the estimate of the 5th percentile is not overestimated
are extremely conservative (likely overprotective), especially when sample sizes
are small. Our intent here was to present threshold values that would allow for
the “fairest” comparison possible between pesticides having data sets of vastly
different size and quality. Indeed, one of our goals was to permit comparison of
older pesticides (often with large data sets) with that of newer products (with
typically few data) without allowing sample size to have an overwhelming influ-
ence on the result. We opted therefore to report median threshold values (the
5% tail of the distribution calculated with 50% probability of overestimation),
recognizing that some of these values carry with them a very high risk of under-
protection, which may render them unsuitable for product by product risk as-
sessment. Of course, if probabilistic risk assessments are to be carried out, one
may wish to enter the entire estimated distribution of LD50 values rather than an
arbitrary 5% threshold.

F. Choice of the Appropriate Bird Weights to Model

Because of the nature of regression, the real advantage of using the new distribu-
tion model that incorporates body weight as a covariate is predicting the sensi-
tivity of birds having body weights that deviate from the tested average. For
chemicals for which the regression between body weight and toxicity is highly
statistically significant, the confidence in the estimated HD5(50%) for birds of
any chosen weight is high. For those chemicals for which the slope is different
from zero but not statistically significant, we opted to apply the covariate as
well. Using a distribution model without a covariate can lead to the erroneous
underestimation of the sensitivity of birds at either extreme of the weight axis
if the scaling relationship is real. Because our intent was to provide reference
values that are sufficiently protective of most birds regardless of size, we as-
sumed that the fitted scaling relationship was biologically real in all cases.
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To generate a single LD50 value protective of birds in general regardless of
their weight, we first calculated HD5 values for birds of 20, 100, 200, or 1000
g. Those weights were chosen based on typical bird weights recorded from
casualties in pesticide field studies carried out in North America, primarily the
U.S. (CWS unpublished analysis). Although this weight range does not encom-
pass all bird species, it does account for the vast majority. The reference value
reported in this review is the lesser of the 5% threshold values calculated for
these four body weights. Most often, this was the value determined for birds of
20 g.

G. Derivation of Extrapolation Factors

As proposed by Luttik and Aldenberg (1997), we decided that a minimum of
four LD50 values were needed for determining the mean and standard deviation
parameters of the distribution. For pesticides with fewer data points, a different
approach is needed because the data are insufficient to fit to a distribution with-
out the parameters being estimated with unusually large errors. We must there-
fore predict the fifth percentile of the distribution through extrapolation from
the small data set using some predetermined factor or set of factors. Luttik and
Aldenberg (1995) presented one approach to derive such extrapolation factors.1

Their method assumes the following: (1) the mean of the logarithm of the avail-
able toxicity data is the best estimate of the mean of the distribution; (2) the
standard deviation is equal to a “generic” standard deviation that is calculated
from the pooled historical data sets for a large number of chemicals tested on
many species; and (3) species sensitivities are random across chemicals. Thus,
Luttik and Aldenberg determined that, if a single test species is available, an
extrapolation factor of 5.7 should be applied to the LD50 (unadjusted for body
weight scaling) to obtain the median estimated HD5 (to be indicated as
HD′5(50%)). This factor stays constant regardless of N, the number of species
for which test data are available.

There is, however, a serious impediment to the use of such a strategy for
regulatory or comparative purposes. Data available for any given pesticide (es-
pecially if the data are limited to one or a few species) are not necessarily a
random sample. As discussed earlier, we have found that only a few data points
are typically released, and these data may be biased to put a product in the best
light possible regarding its toxicity to nontarget species. Also, species com-
monly used for testing (e.g., the mallard duck and northern bobwhite) tend to
be at the “insensitive” side of the distribution already. We believe that to adopt
the strategy of a single “universal” extrapolation factor would be a strong incen-
tive to biased reporting. Several authors have found that species tend to differ

1The word extrapolation factor is used here in place of the frequently used safety factor or assess-
ment factor. In contrast to the latter, which often are arbitrarily set at 10 or 100 to reflect a poten-
tially error-prone extrapolation, the extrapolation factors presented here are based on sound empiri-
cal data reflecting variability in interspecies susceptibility to chemicals.
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in their sensitivity to pesticides in a predictable manner; some species are, on
average, more sensitive than others to pesticides (Baril et al. 1994; Joermann
1991; Schafer and Brunton 1979). To make use of these known relationships,
Baril and colleagues proposed that extrapolation factors should be tailored to
the actual species for which data are available. For example, a different extrapo-
lation factor would be applied to a single mallard LD50 value than to a northern
bobwhite or Japanese quail LD50. A simulation exercise (Baril and Mineau 1996;
this is an abstract only; data not published) showed that to ignore sensitivity
relationships in favor of a single (universal) extrapolation factor resulted in more
estimation errors.

We therefore opted to generate species-specific extrapolation factors from
our available data set. The calculated HD5(50%) values for all pesticides with
N greater or equal to 6 were used to derive extrapolation factors. All computed
HD5(50%) values were used regardless of the significance of the regression
statistics. As outlined earlier, the smaller of the HD5 values computed for
weights ranging between 20 and 1000 g was retained as our reference value,
and those reference values were used to calculate species- and pesticide-specific
extrapolation factors. A sample size of 6 or more ensured that both the parame-
ters of the distribution and the slope of the regression between body weight and
LD50 were relatively well characterized. Thus, the extrapolation factor specific
to a particular species or combination of test species is simply the ratios of the
computed HD5(50%) to the LD50s of the test species (or geometric mean of LD50

values in the case of a combination of species), averaged over all chemicals in
the database.

We propose that these extrapolation factors be used to estimate HD5(50%)
values (HD5(50%)) where N, the number of species tested is, 1–3. Two different
methods of combining the two or three available LD50 values were tried: taking
the smallest value, and taking the geometric mean of the values. Deriving ex-
trapolation factors from the geometric means of available LD50s was found to
lead to less estimation error (data not shown). The geometric mean was then
retained as the best way to combine two or three available data points to com-
pute extrapolation factors. We computed extrapolation factors for most of the
commonly tested species or combinations of those species (Table 1). Other fac-
tors computed for more rarely-tested species were derived as needed but are not
given here because of the smaller sample sizes used in their derivation.

The use of an extrapolation factor introduces another potentially significant
source of error in the estimation of the HD5(50%); this is the error resulting
from an individual species’ varying sensitivity relative to the population 5% tail.
Whereas some species appear to be reasonably “well behaved” by showing a
degree of sensitivity relative to the population tail that is consistent across chem-
icals (red-winged blackbird, red-billed quelea, Japanese quail), other species
tended to move extensively within the sensitivity distributions established for
each pesticide (chicken, mallard, European starling). For the latter species,
sometimes they were very sensitive and sometimes they were very insensitive
relative to the 5% percentile. The extrapolation factors were therefore ranked
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on the basis of their approximate coefficient of variation, the lowest coefficient
being indicative of the lowest likelihood of making a large estimation error.
Given the possibility of applying more than one extrapolation factor, we chose
the one with the lowest approximate coefficient of variation. For example, al-
though an extrapolation factor based on the geometric mean of several species
is usually more “stable” and therefore less prone to serious error than a factor
based on a single species, it can be seen from Table 1 that extrapolating the
HD′5(50%) from a single Japanese quail LD50 value results in less error, on
average, than extrapolating from a combination of bobwhite and mallard data.
Nevertheless, using an extrapolation factor is clearly a “second-best” alternative
to curve-fitting LD50 data and deriving an actual HD5. In the example just given,
testing two species such as the northern bobwhite and mallard increases the
probability that unexpected chance variations in susceptibility will be uncov-
ered.

We believe that the approach of using reference values based on species-
specific extrapolation factors represents the most unbiased attempt to date to
compare the toxicity of pesticides for which many data points are available
with those about which we know very little. Because cholinesterase-inhibiting
pesticides represent a large group of chemicals with a uniform mode of toxic
action, they were analyzed separately from other pesticides, and specific extrap-
olation factors were derived for that group of compounds. However, when the
comparison was made between those compounds and a sample of noncholines-
terase inhibitors, we found that the computed mean extrapolation factors were
not significantly different (not shown) and a single set of factors for all pesti-
cides in the sample was therefore generated (see Table 1).

H. Procedure for Pesticides Having Low Acute Toxicity

In the case of pesticides of lower toxicity, limit values are often provided; e.g.,
LD50 > 2000 mg/kg. Ideally, one would like to take into consideration the condi-
tion of the test birds and any mortality at the limit dose. In trying to set a value
that is protective of 95% of bird species, it matters whether birds at the limit
dose were moribund, with possibly some mortality being seen already, or
whether there were no visible signs of toxicity in any of the individuals tested.
Unfortunately, this information was not uniformly available. The following
compromise procedure was therefore developed. (1) If, for any pesticide data
set, a toxicity data point with an exact value existed (rather than a limit), this
data point was used with the relevant species-specific extrapolation factor where
possible. (2) Otherwise, the relevant species-specific extrapolation factors were
applied separately to each available data point (treated as point estimates, ignor-
ing the > symbol) and the highest resulting HD′5 value was retained. Even then,
it is clear that the resulting HD′5 is probably an underestimate and that the
pesticide is likely less toxic than shown. However, given that the HD′5 thus
calculated is already very high, this underestimation is unimportant in the con-
text of a relative risk assessment. The acute toxicity of these pesticides is not
likely to be a concern.
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III. Results and Discussion
Cholinesterase-inhibiting pesticides are grouped together in Table 2; all others
are in Table 3. Pesticides are ordered alphabetically by their common chemical
names except when a trade name only is available. A few trade names and
synonyms are given to facilitate identification. All names follow the 11th Edi-
tion of the Pesticide Manual (Tomlin 1997) supplemented by the Nanogen In-
dex (Packer 1975; Walker 1989). Tomlin (1997) was also used to determine
whether any given product is still in commerce or is thought to no longer be
marketed (superseded entries).

One advantage of this process is that it allows us to identify which pesticides
currently in use are most toxic to birds and to start using some of the better
known products for which field studies or incident records exist as possible
“benchmarks” for equally toxic but more poorly known chemicals. From Tables
2 and 3, we arbitrarily selected those pesticides with an HD5(50%) less than 1
mg/kg (Table 4). Of the 34 pesticides identified, 24 are cholinesterase-inhibiting
insecticides. Of the remaining 10 products, 2 are insecticides including the very
new pyrrole insecticide chlorfenapyr, 2 are fungicides, and the rest are rodenti-
cides, including 3 of the second-generation coumarin anticoagulant products.
Interestingly, the cholinesterase inhibitor thought to be the most toxic to birds
is thiofanox (trade name Dacamox). According to the Pesticide Manual (Tomlin
1997), this granular and seed treatment insecticide is of only moderate toxicity
to birds with LD50 values of 109 mg/kg and 43 mg/kg in the mallard and the
bobwhite, respectively. However, this is one of those few cases where this data
source is in error. The values cited by Tomlin (1997) are in fact dietary LC50

values; the true acute toxicity values are lower by 1.5 to 2 orders of magnitude.
In an early review of bird-kill incidents by Grue and colleagues (1983), these

authors found that most incidents could be explained on the basis of pesticide
toxicity and the extent to which the pesticides were used in U.S. agriculture. In
a recent review of raptor incidents (Mineau et al. 1999), the higher proportion
of kills resulting from labeled uses of pesticides in Canada and the U.S. relative
to the U.K. was determined to be a result of the more permissive use of pesti-
cides highly toxic to birds in North America. Certainly, those individuals famil-
iar with pesticide bird-kill incidents throughout the world will recognize a num-
ber of compounds from Table 4 that keep coming back with depressing
regularity. We believe that we have laid the groundwork for a more comprehen-
sive review of those pesticides most hazardous to wild birds and for a fair
comparison between older products and newer replacements. Recognizing that
there are very few uses of pesticides that do not result in exposure to birds, we
urge regulatory authorities to consider avian acute toxicity more closely before
making regulatory decisions.
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Appendix 1. Comparison of the equations for the expected value and variance from a
sample with and without a covariate for bird weight. (A Fortran program to compute an
HD5 with body weight as a covariate is available by writing to the authors.)

Without covariate With covariate

Estimated expected value ȳ = ∑ yi/n ŷo = ȳ + b(xo − x̄)

Variance of estimated
σ2 � 1n � σ2 � 1n + (xo − x̄)2

∑ (xi − x̄)2 �expected value

Variance estimate (s2) ∑ (yi − ȳ)2/(n − 1) ∑ (yi − ŷi)
2/(n −2)

Degrees of freedom n − 1 n − 2

b = ∑ yi(xi − x̄)

∑ (xi − x̄)2

ŷi = ȳ + b(xi − x̄)

x0 is the logarithm of the weight of the bird which you want to protect
ŷ0 is the expected value of the logarithm of the LD50 for the species of weight x0

σ is the standard deviation of the original log(LD50) data set
σ2 is the unknown true population variance of the original log(LD50) data set
s2 is the estimator of the variance
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